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ABSTRACT

The purpose of this project is to help reduce the electrical energy costs
by using a natural resource that replenishes itself. The rays of the sun excite
electrons in the light sensitive photovoltaic cells on the solar panels, and the
cells convert the light into electricity. The total amount of solar energy that
reaches the Earth is about 1 kilowatt per square meter. But because of the
current technological limitations, the solar cells can only extract about 14% of
the energy that reaches the Earth. The electricity generated by the array is
directed to and stored in rechargeable batteries.

The electricity can also

bypass this step and be diverted straight to a motor or any electrical device.
~

The energy stored in the batteries is used to drive any electrical piece of
equipment or an AC motor.

The use of solar energy to power electrical

equipment is an effective way to reduce the depletion of natural resources and
conserve energy.
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CHAPTER I
BACKGROUND OF THE STUDY

INTRODUCTION
Over the years the generation of electricity by use of photovoltaic cells
(solar energy) has become a highly debated topic. It has been believed that the
generation of electricity by means of photovoltaic cells (solar cells) is a more
cost effective and economically sound method of energy generation. Natural
resources on Earth are becoming depleted at an exponential rate. Also, the cost
of energy generation is increasing. During the summer months of 2001 there
was an incredible number of power outages and electrical shortages.

The

excessive use of air conditioners, central cooling units, and other electrical
appliances contributed to the nation wide power outages.

Therefore, the

importance of searching for alternative ways to generate electricity is very
obvious.
Over the years the natural resources of the Earth have been depleted and
m a few years it is estimated that these resources will be completely
austed. David L. Pulfrey expresses his views on this matter. He states
t:

Presently almost all electricity generation takes place at central
power stations which utilize coal, gas, water or fissile nuclear
materials as the primary fuel source. There are problems facing

•

2
the further development of generating methods based on any of
these "conventional" fuels.

The continued large-scale use of oil

and gas in countries not blessed with indigenous reserves is
particularly doubtful because supplies are expensive, rapidly
diminishing, and politically controlled. '
Therefore, it is important to research and study alternative methods of energy
generation that are both environmentally sound and cost effective to the world.
Renewable energy technologies offer many advantages that non-renewable
resources do not offer. One such method of renewable-energy generation is the
~

generation of energy by use of photovoltaic (solar) cells.
According to Martin T. Katzman photovoltaics has the advantage of
modularity and their capacity to function alone, without an electric grid.2 They
can be very cost effective and usable in many places and situations. Over the
years energy has been generated in by multitude of methods: wind-power,
biomass power, geothermal energy, biofuels, fuel cells, and hydrogen cells.
Many of these methods are also considered renewable resources. However, the
generation of energy by use of solar cells is believed to be one of the most cost
effective methods and helpful to the environment. Katzman also believes that,
"photovoltaics may provide the earliest hope for the electrification of remote
1

David L. Pulfrey, Ph .D.,
Reinhold Company, 1979) l.

Photovoltaic Power Generation (New York: Van Nostrand

.

2

and

Martin T. Katzman, Solar and Wind Energy: An Economic Evaluation of Current
Future Technologies (New Jersey: Rowman & Allanheld, 1984) 14.

•
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villages in developing countries" (Katzman, 14). This method of generating
electricity may solve many of the worlds energy problems.
This type of electricity can be used to generate power for a wide variety of
electrical machines and electrical equipment.

Thus, allowing inexpensive

energy generation and environmentally safe energy production.

STATEMENT OF PROBLEM
Energy conservation has become a major concern as the raising costs of
lectricity have impacted the United States and other Nations.

Recently,

:uring the summer months of 2001, there has been a significant amount of
!lectric power outages. This is partially due to a slowly diminishing supply of
natural resources. Thus, the availability of electrical power for everyday usage
· becoming scarce. The increased use of electricity causes the power suppliers
run electrical plants longer and at a higher efficiency to generate the needed
ount of electricity to meet the demands of the people. This resulted in an
ase in price by the power supplier to provide electricity to the consumers.
erefore, the nation is focusing its attention toward alternative sources of
~,,-...rgy.

Many devices that utilize a large quantity of electricity operate on
=- .&>r;trical

AC motors. AC motors play a large part in the energy crisis. Finding

mative ways to power these motors will decrease the amount of electricity
•
d in the country.

•
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DEFINITIONS

Alternating Current (AC): A flow of electrons which regularly reverses it;s
direction of flow.

Alternator: A device used to convert mechanical energy into electrical energy
in the form of an alternating current.

Ammeter: An instrument used to measure current in AC or DC circuits.
Ampere or Amp (A): The unit of measure based for current based on the flow
of one coulomb per second past a given point. Also, one volt across one ohm of
resistance causes a flow of one ampere.

Ampere-hour (AH): The unit of electrical capacity - this tells you how much
~

power the battery will store. Current multiplied by time in hours equals
ampere-hours. A current of one amp for one hour would be one amp-hour. SLI
batteries are not rated in AH, but in "CCA", or cold- cranking amps (marine
batteries are often rated in "marine cranking amps") .. Terms such as "6 hour
rate" or "20 hour rate" indicate that the battery is discharged steadily over 6 or
20 hours, and the Amp-hour capacity is measured by how much it puts out
before reaching 100% DOD, or 1.75 volt;s per cell.

Battery: Two or more cells connected to deliver a DC voltage.
Battery Charger: Device used to take the AC from an outlet and convert it to
DC for increasing the charge of a storage battery.

Capacitor: Two conductors separated by an insulator or dielectric used to
store an electrical charge.

.
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Circuit: An electrical path having a power source, load, and conductors to carry
current.

Coulomb: One coulomb is the amount of charge accumulated in one second by
a current of one ampere. Electricity is actually a flow of particles called
electrons, and one coulomb represents the charge on approximately 6.241 506 x
1018 electrons. The coulomb is named for a French physicist, Charles-Augustin

de Coulomb (1736-1806), who was the first to measure accurately the forces
exerted between electric charges.
Current: The flow of electrons through a conductor, measured in amperes.
Diode: A semiconductor device that has a PN junction. Usually, it is thought
of as allowing electron flow in one direction and blocking flow from the other
direction. However, there are some special types that do not work that way.
Direct Current (DC): The flow of electrons in only one direction.
Efficiency: The ratio of the output of a device to its input.
Field Effect Transistor (FET): A semiconductor device that conducts from
one terminal called the "source" to another terminal called the "drain'' when a
voltage is applied to a third terminal called a "gate."
Horsepower (HP): The unit of power equal to 746 watts: 33,000 ft. lb. per
minute or 550 ft. lb. per second.
Impedance:

The total opposition which a circuit offers to the flow of

alt.ernating current at a given frequency. It is the combination of resistance
and reactance.

•
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Load: The device that is driven by the source of power. It absorbs the power
from the supply voltage and converts it to heat, light, etc. It is the resistance
connected across a circuit that determines the current flow and energy used.
NPN Transistor: A transistor that has N type material for both the emitter
and collector and P type material for its base.
N Type Material:

Semiconductor material that has free electrons for its

majority carriers.
Ohm: The unit of measure for resistance. It is symbolized by the Greek letter
omega (0). There is one ohm of resistance when an EMF or one volt causes a
current of one amp.
Oscilloscope: An electric test instrument that uses a cathode ray tube for
visually displaying signals.
Photovoltaic: A device that will generate a small voltage when struck by
light. It is used to convert light energy to an emf.
P Type Material: A semiconductor material which has holes for its majority
current carriers.
Rectification: The conversion of AC into DC.
Resistor: A device that will oppose the flow of current in an electrical circuit.
Solar Cell: A cell that converts the energy of light into electrical energy. A
photovoltaic cell.
Solder: An alloy of tin and lead used for providing a low resistance electrical
connection which is also mechanically strong.

•
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Storage Battery:

A common name for the lead acid battery used in

automobiles. It is made from storage cells connected in series.
Transformer: A device used to step up or step down voltage by induction.
Also, an electrical device used to transport energy from one circuit to another

circuit at the same frequency.
Transistor: A semiconductor made from germanium or silicon with leads
known as emitter, collector, and base. It is made to conduct by forward biasing
and emitter-base junction.
Voltage (E): The electromotive force which will cause current fl.ow.
Watt (W): The unit of measure for power (rate of doing work).
Wire: A solid conductor or standard group of electrical conductors (copper,
aluminum, etc.) that serve as one conductor. It is said to have low resistance to
the flow of current.

*Definitions were taken from Electricity and Basic Electronics and Electronic
Sensor Circuits & Projects*

'

CHAPTERil
REVIEW OF LITERATURE

SOLAR ENERGY AND SOLAR COLLECTORS/PANELS
The use of solar energy is not a new idea. Forrest M. Mims III states
that for thousands of years people have used sunlight to warm their homes. He
says that Socrates (470-399 B.C.) taught the importance of placing homes so
the sun's warming rays could warm the int.erior rooms during winter. 1
He goes on to cite other important historic highlights in solar energy
developments. Mims says that in 212 B.C. Archimedes is reported to have
ignited invading Roman ships by means of reflecting sunlight. In 1695, two
Italian experimenters succeeded in melting a diamond using focused sunlight.
Also, in 1774 the French chemist Antoine-Laurent Lavoisier made a solar
furnace that melted platinum.z
Then, in the early part of the 19th century the face of solar energy world
changed. Kenneth Zweibel says that the physical phenomenon responsible for
converting light to electricity - the photovoltaic (PV) effect - was first observed
in 1839 by a French physicist, Edmond Becquerel. Becquerel noted a voltage
appeared when one of two identical electrodes in a weak conducting solution
1

Forrest M. Mims III,
America, 2000) 98.
2

Electronic Sensor Circuits & Projects

Ibid.

.

(United States of

9
3

was illuminated. However, in Goetzberger, Knobloch, and Voss' book they
state that the effect was described in more detail by Adams and Day in 1877.
Adams and Day observed that the exposure of selenium electrodes to radiation
produced an electric voltage, allowing them to produce electric current. 4
Goetzberger, Knobloch, and Voss further say that the effect was then put
on hold until the discovery of transistors and the explanation of the physics of
the p-n junction by Shockley and Bardeen and Brattain in 1949, the year
marked the beginning of the semiconductor era.

Then, in 1954 Chapin, a

employee at Bell Laboratories in the USA, developed the first solar cell based
on crystalline silicon. 5 Alan L. Fahrenbruch and Richard H. Bube stated that
the first use of solar photovoltaic converters in space occured on March 17,
1958, when Vanguard I was put into orbit. Its solar-powerd radio transmitter
operated for eight years before radiation damage to the cells stopped its
signals. 6 This achievement formed the base for many ideas about solar energy.
For example, in the early 1970s, the Arthur D. Little Company developed a
plan for the assembly (in outer space) of a huge solar cell array. 'From that
3

Kenneth Zweibel, Basic Photovoltaic Principles and Methods: Solar Energy
Research Institute (New York: Van Nostrand Reinhold Company Limited, 1984) 6.
4

Adolf Goetzberger, Joachim Knobloch, Bernhard Voss,
!&11§ (New York: John Wiley & Sons Ltd., 1998) 1-2.

Cryst;aj)ine Silicon. Solar

,; Ibid.
6

Alan L. Fahrenbruch, Richard H. Bube, Fundamentals of Solar Cells: Photovoltaic
Solar Enere)' Conversion (New York: Academic Press, Inc., 1983) 246.
1

Jeffrey A. Mazer, Solar Cells: An Introduction to Crvetalline
(Norwell, Massachusetts: Kluwer Academic Publishers, 1997) l.

•

Phorovoltaic Technology

10
.. on many kinds of solar cells were developed, but thin-film cells of silicon
her semiconductors were among the most important. They can be made
·•~xible sheets much larger than standard silicon solar cells.

8

These are the

comm.on and readily used solar cells in solar panels or solar collectors .

,::. ::...u.cy A. Mazer says that the yearly production of photovoltaic modules is
dily increasing.

He states that in 1995 worldwide module production

ed about 81 megawatts. He estimated that the generating capacity will
about 500 MW by the year 2000. 9

BATTERY
The development of the battery is an important part of the solar energy
f.:'E:OlY.

In the early 1830's, Michael Faraday performed the quantitative
of electrochemical reactions in a battery.

This lead to the

1:pment of the first practical battery in 1836. However, this battery could
ged. The rechargeable battery was invented in 1859. But, at this
h.e only way to recharge the battery was by discharging non-rechargeable
Then, in 1880, Thomas Edison used a generator to recharge
EEri:rical energy. These innovations in batteries helped to create the batteries

Forrest M. Mims III ,
. s - ~ 2000) 98 .

Electronic Sensor Circuits & Projects (United States of

• Jeffrey A. Mazer, Solar Cells: An Introduction to Cr,vw))jm Photovoltaic Technology
~· - " Massachusetts: Kluwer Academic Publishers, 1997) 12 .

.
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used in today's society.

10

Ruth Ishihara, Davis Smead, Livin~ on 12 Volts
1-'--=-1rn-.gton: RIDES Publishing Company, 1988) 11-12.
18

"

With Ampere Power (Seattle,

CHAPTER Ill
OPERATIONS

SUN'S ENERGY
The sun emits energy called electromagnetic radiation.

The total

·.ted power is 3.83 x 1023 kilowatts (kW) or 383, 000, 000, 000, 000, 000,

1
•

. 000, 000 Watts. A good majority of this radiation is lost in space. A tiny
·on is intercepted by Earth and the other planets in the solar system.

30% of solarradiation is reflected into space, 47% is converted into heat
.Earth and reradiation is reflected to space, and 23% powers evaporationpsrTpitation cycle of the biosphere. 11 According to SEIA, the Solar Energy
'.--,..""'nctries Association, all the electricity consumed in the United States could
"ded by photovoltaic solar cell modules covering 0.3% of the land area of
,~..u iu~u

States. 12

-oLAR PANELS
Many semiconductors will generate electricity from sunlight. The most
,m mon and best developed solar cells are made from silicon. Silicon forms
.7% of the Earth's crust.

Therefore, silicon solar cells are potentially

Jan Kreider. Grolier International Encycloyedia (Danbury, Connecticut: Grolier
orated, 1991) 40.
11

12

Forrest M. Mims III,
·ca, 2000) 100.

Electronic Sensor Circuits & Projects (United States of

•
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inexpensive. However, transforming silicon into solar cells is an expensive
process thijt requires considerable electricity.
In order to understand how solar cells transform sunlight into electricity
one must understand how the cells work. Sunlight consists of packets of energy
called photons. These photons travel in a wavelike fashion. When photons
strike silicon atoms they dislodge electrons.

The missing electrons leave

behind positively charged atoms. These atoms attract free electrons in the
silicon. This random movement of electrons can be converted into a flow of
electrons if a PN junction is formed in the silicon. The electrons dislodged by
photons near the PN junction are attached to the P side of the junction. When
this happens electrical current will flow when light is present. The level of
current in amperes is directly porportial to the intensity of light. A typical
silicon solar cell generates between 0.45 to 0.55 Volts in direct sunlight. 13
The efficiency of the solar cells is from approximately 5% to 20%. There
are various reason for this low efficiency. One reason is because some light is
reflected away from the front of the solar cell. Some of the light is broken by
the contacts.

Another reason is because some light is absorbed before it

reaches the cell's PN junction.

Solar cells detect only part of the solar

spectrum.

13

Forrest M. Mims III,
America, 2000) 100.

Electronic Sensor Circuits & Projects (United States of

•

14
SOLAR CONSTANT
The solar constant is the mean amount of sunlight at the top of Earth's
atmosphere.

Many satellites make measurements that record the solar

constant at 136.8 Watts Per Square Centimeter. The sunlight intensity on
Earth varies because Earth's orbit is slightly elliptical. The mean distance of
Earth from the sun is 92,957,130 miles (149,600,000 kilometer). In January
Earth is about 1,600,000 miles (2,575,000 km) closer to the sun. In July Earth
is about 1,600,000 miles (2,575,000 km) farther from the sun. The difference
in the intensity of sunlight between the closest point (perihelion) and the
farthest point (aphelion) is 6. 7%.
The following is a table used to find the solar constant. To use the chart
you must multiply the mean square constant (1,368 watts per- square meter or
136.8 milliwatts per square centimeter) by the correction numbers in the table,
in order to find the actual solar irradiance on the given dates:
JANUARY

1.0335

JULY

0.9666

FEBUARY

1.0288

AUGUST

0.9709

MARCH

1.0173

SEPTEMBER

0.9828

APRIL

1.0009

OCTOBER

0.9995

MAY

0.9841

NOVEMBER

1.0164

JUNE

0.9741

DECEMBER

1.0288

Chart 1: From Kinsell L. Coulson, "Solar and Terrestrial Radiation,"
Academic Press, 1975 .

•
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BATTERY
CHEMICAL MAKE-UP

The lead acid battery is the most readily used source for energy storage
and it is the main choice for backup emergency power. In order for one to
understand how batteries, specifically lead acid batteries are used in solar
power system is it important to learn how the battery operates.
The chemical makeup of the lead acid battery is very important. The
electrochemical reaction of the lead acid battery involves lead, lead dioxide,
and an aqueous solution of sulfuric acid. The electrode reactions are:

On the positive electrode:

PbO2 + HS0-4 + 3fr + 2e. -----> PbSO 4 + 2H2 O

On the negative electrode:

l>b + Hso·. -----> PbSO.+ Ir+ 2e·

Overall cell reaction

Pb + PbO2 + 2If + 2Hso·. -----> 2PbSO. + 2H20

The mass of reactants per unit reaction are:
207.2g Pb+ 239.2g PbO2 + 2g Ii+ 194g Hso·4 == 642.4g PbSO. + 36 g H20

The theoretical specific power of the lead/lead dioxide/sulfuric acid couple is:
(53.61 Ah)(l.928V / 0.6424 kg)= 160.9 Wh / kg

The practical energy density is in the range of 15 to 45 Wh/kg due to
limitations in active mass utilizations and the weight of electrochemically
inert accessories (container, grids etc.). Note the diagram below 14 :
14

"Lead Acid Batteries VRLA Types." 9 pp. 2002. 1 Apr. 2002.
<http://www.accuoerlikon.com/html/accud02.htm> .
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0-----------Figure 1: Container and Grids

Another reaction in lead acid battery operation is the fact that water
electrolysis also occurs.

In this reaction a 1 Ah overcharging current

decomposes 0.336 g of water forming 0.4 l of hydrogen and 0.2 1 of oxygen gas.
This mixture is explosive in the H 2 concentration range of 4 to 94 vol. percent
and has to be disposed off safely.

•
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Gas recombination in a lead acid cell is described below in the diagram
below:

•
DC-<urrent source
4e·

valve

0

n
Pb

(B

H2 S04

Figure 2: The Oxygen Recombination Cycle

•
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During float charge the current decomposes water and oxygen is evolved on the
positive plate according to the reaction:
electrochemical oxidation of water with oxygen evolution
2H20 -----> 02 + 4Ir + 4e·
The oxygen is diffusing via the gas phase through unfilled pores of the glass
mat separator to the negative plate, and reacts there chemically with the
formation of lead oxide, lead sulfate and water:

reaction of oxygen with lead
0 2 + 2Pb

-----> 2Pb0

reaction of lead oxide with the electrolyte and formation of water
2Pb0 + 2H2804 -----> 2PbS04 + 2~0

The float current passing through cell then reduces, instead of evolving
hydrogen, on the negative electrode the formed lead sulfate back to lead and
sulfuric acid so that a closed cycle (oxygen recombination cycle) is obtained.

electrochemical reduction of lead sulfate
2PbS0 4 + 4ff + 4e· -----> 2Pb + 2H2SO..

.

19
The overall oxygen recombination reaction is hence

02 + 4Ir + 4e· -·---> 2H20

Due to the oxygen recombination reaction essentially no hydrogen evolution
occurs on the negative plate. 15

STRUCTURAL MAKE-UP

The lead-acid battery is made up of a number of positive plates, an
_1.,1 ual number of negative plates, and a number of insulating separators placed
tween the positive and negative plates. Each cell is placed in a separate
mpartment of a case. The case is made of insulating material that will
· · hstand the sulfuric acid solution that fills each cell.
A cell is made by immersing two lead plates in a solution of sulfuric acid
•"d water.

Voltage will not develop until the battery is polarized by the

ging process. The plate connected to the positive clamp of the battery
ger will gradually have a deposit of lead peroxide formed on its surface,
hile the plate connected to the negative clamp of the charger will gradually
·· d up a deposit of pure lead on its surface. When the battery is discharged,
of the sulfur dioxide in the electrolyte solution is absorbed by the plates,
·ng lead sulfate deposits and lowering the specific gravity of the
16

"Lead Acid Batteries VRlA Types." 9 pp. 2002. 1 Apr. 2002.

://www .accuoerlikon.com/html/accud02.htm> .
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electrolyte. If the battery is left in a discharged condition for a long time, this
lead sulfate becomes permanent and cannot be changed back to lead and lead
peroxide by charging. The battery is said to be "sulfated", and cannot take a
full charge. As the battery is charged and discharged over a period of time, a

small amount of the plate material loosens and drops to the bottom where it
builds up, eventually shorting the cell, discharging it while the remaining cells
remain charged. There are battery rejuvenator chemicals that may dissolve
this deposit, but they are of questionable value, and are expensive. Most of
them use plain Epsom salts as a base. If one or two teaspoons of Epsom salt is
placed in each cell, the deposits will be gone in a few days. 16

AMP-HOUR CAPACITY

Lead acid batteries or deep cycle batteries are rated in amp-hours. An
amp-hour is defined as one amp per one hour. In other words amp-hours is
amps times hours. For example, If you have a load that pulls 10 amps and you
e it for 2 hours, then the amp-hours used would be 10 (amps) x 2 (hours), or
20 AH. The accepted and most common AH rating time period for batteries
d in solar electric and backup power systems is the "20 hour rate". This
eans that it is discharged down to 10.5 volts over a 20 hour period while the
actual amp-hours it supplies is measured.

16

Charles R. Cantonwine, E.E.
Company, 1971) 174-178.

•

Battery ChargElrs and Testers (Philadelphia: Chilton
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DIODE

Figure 3: Diode
A diode works on the principle of hole flow. Hole flow is in the opposite
direction of the electron flow. As electrons move to the right, it leaves a hole to
the left. The next electron moves up to fill the hole. This, in turn, leaves a hole
in place of the second electron. As this continues, you will notice that electrons

are moving to the right. However, at the same time a hole is left in it's place.
This concept is important in a diode or solid state device.
A diode allows the flow of electrons in only one direction. a diode is
made of a P type material and a N type material. To achieve electron flow
across a diode, the electrons must travel through the P and N material. When
a certain level of electron flow is reached, it can pass through the diode. By
connecting the P type material to the positive side of the voltage source and the
negative side of the voltage source is connected to the N type material we will
generate current through the diode.

However, if the P type material is

connected to the negative side of the voltage source and the positive side of the
voltage source is connected to the N type material we will not be allowed to
generate current through the diode. The positive side of the diode is known as
the anode. The negative side of the diode is known as the cathode.

.
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Figure 4: PN Connection
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Figure 5: Transistors
A transistor is a solid state device that is used for switching and/or
amplifying the flow of electrons in a circuit. There are two types of transistors,
switching type and amplifying type. A switching transistor operates in the
fashion that if the transistor is turned on electrons will flow through the
sistor. If the switch is turned off current will not flow through it. The
urpose of an amplifying transistor is to switch the transistor from off to on at
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an increasing current rate.
There are two types of switching transistors and amplifying transistors,
PNP and NPN. The principle of the P type and N type material was discussed
in the diode section of the chapter. There are also three parts to the transistor
called the collector, base, and emitter. In order for current to flow in a PNP
transistor current must be entered through the collector to the emitter. With
an NPN transistor, a positive signal must he placed on the base to make it
conduct. This will allow electrons to flow from the emitter to the collector.

CAPACITOR

Figure 6: Capacitor
The purpose of a capacitor is to store electrons until they are needed by
the circuit that uses the capacitor.

The capacitor will first fill up with

electrons. Then, the electrons in the capacitor will dissipate as needed into the
circuit. If the capacitor is needed to give off more electrons it must be recharged
with electrons.
The capacitor consists of at least two plates and an inductor. The plates
are made of a metal that can be charged. The insulator (dielectric) is placed
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between the plates in order to hold the charge in the metal. However, if the
plates touch the charge will be lost. This loss in charge will appear as heat.
The more rapidly we charge and discharge the capacitor, the more heat will be
created.
There are several important characteristics about the capacitor. First,
the distance between the plates and the dielectric must be equal.

The

capacitor with the greatest plate surface area will have the greatest
capacitance. This is because the capacitor will have more area to store the
charge. The second thing which affects the capacitance is the distance between
the plates. If the distance between the plates is reduced then the capacitance
will increase.

Finally, the third factor that affects the capacitor is the

insulating material.

•
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Figure 7: Transformer
A transformer consists of a pair of coils wound around the same iron
core. The coils a.re wound around the same core in order to insure that the
magnetic coupling between the two coils is as high as possible. When the two
coils of wire are close enough to be connected to a magnetic field, they are said
to have "mutual inductance."
The transformer's job is to transfer electrons from one circuit to another
by means of electromagnetic induction. The winding connected to the energy

source is called the ''primary.'' The winding which receives the energy is called
the "secondary." A transformer is can be used to step-up or step-down the
voltage supplied to it. There are different ratios of step-up or step-down ratios
for the transformers. For example, if 12 volts is entered into the primary then
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120 volts is transferred through the secondary.

MOTOR
A motor is machine that converts electrical energy into mechanical
energy.

A motor is made of magnets, an armature (moving coils) and a

commutator. A commutator is a device used to reverse electrical connections.
This is needed because the armature coils inside motors are in motion.
Brushes or terminals are used with the commutator as a means of getting
current out of a generator or into a motor armature.
The motor is made to turn by putting current into it. There are two ways
to make magnets turn. If the magnets are turned in a way so that the like
poles of the magnets repel the magnets will turn away from each other
(repulsion). You can also turn the magnets in the opposite way to achieve the
same effect as mentioned above. This will cause one magnet to turn toward the
other. This turning of the magnet on a metal core will generate electric current.
In his experiment a synchronous motor is used. When you pass current
through the st ator, a magnetic field is created. The rotor is pulled along by the
magnetic field with a small slip. The speed of the rotating magnetic field is 60
Hz.

In this type of motor the rotating magnetic field is designed to lock onto
he rotor. By locking the rotating magnetic field to the rotor, they will operate
t the same speed.

.

CHAPTER IV
PROCEDURE

SOLAR POWER SYSTEM

A solar power system typically consists of these basic components: solar
panels, charge controller, battery, DC to AC inverter, and an AC motor (or
load). Each of these components has a specific function in the power system.
Also, each part is essential in the operation of a successful solar power system.
The following figure is a block diagram of the components and connections in
this experiment:

CHARGE
CONTROLLER
BATTERY

ACMOTOR

DCTOAC
INVERTER
Figure 8: Block Diagram of Solar Power System
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CALCULATIONS

Load Calculation
Calculate AC Loads
AC Loads Run by an inverter
AC Motor

156x 7 = 1092
Total WH/Wk

ultiply by 1.15 to correct for inverter loss.

1092

WH!Wkl092 x 1.15 = 1365

Inverter DC input voltage. This is DC system voltage.

12

·o tal amp hours per week used by AC loads

1365 / 12 = 113.75

otal average amp hours per day

113.75 / 7 = 16.25

These calculations assisted in figuring the total number of solar modules
:required for the system.

ntal average amp hours per day

16.25

ultiply amp hours per day by 1.2 to compensate for loss from battery charge/
· charge
16.25 * 1.2 = 19.5
--verage sun hours per day in your area

'
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Solar Array Sizing
These calculations assisted in figuring the total number of solar modules
required for the system.

16.25

Total average amp hours per day

Multiply amp hours per day by 1.2 to compensate for loss from battery charge/
discharge
16.25 * 1.2 = 19.5
Average sun hours per day in your area

3.5
19.5 / 3.5 = 5.57

Total solar array amps

2.87

Peak amps of solar module
Total number of solar module in parallel

5.57 / 2.87 = 1.94-2

Number of modules in each series to string to provide DC Battery voltage:
1

Total number of solar modules required
2

•
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Battery Size
The following calculations helped determine what size batteries are required
for the system.

otal average amp hours per day

16.25

aximum number of continuous cloudy days expected in our area.
3

o maintain a 20% reserve after deep discharge period multiply by 0.8
16.25 X 3 = 48. 75

Battery's wintertime average ambient temperature:

50°F/l0.0°C ==1.19

Optimum battery size in amp-hours

60.94 X 1.19::: 72.52

225Ah

Amp-hours of battery

Components of DC to AC Inverter:
Part

Total Qty

Description

Cl , C2

2

68 uf, Capacitor

2

10 Ohm, 5 Watt Resistor

2

180 Ohm, 5 Watt Resistor

2

NTE 116 Silicon Diode

2

2N3055 NPN Transistor

1

18V Center Tapped Transformer

~ ·~

Rl , R2

-

R3, R4
Dl , D2

--

Ql, Q2
---

Tl

-

Chart 2: Components of DC to AC Inverter

•
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SOLAR PANELS

SOLDERING SOLAR CELLS
The leads must first be soldered onto the solar cells. The appropriate
soldering iron must be used. Select a low•wattage iron of about 15 to 30 Watts.
Use 0.032 inch or smaller rosin core solder.

Be sure to tin the tip of the

soldering iron. First, allow the iron to become hot enough to melt solder. Then
melt solder over the tip of the soldering iron. Brush off the excess solder with a
soft cloth. A tinned tip will appear smooth and shiny.
The following are steps that must be taken in order to solder leads to the
solar cells:
1. Find a safe clean place to begin soldering.

This place should have an

electrical outlet placed nearby. Be careful because the soldering iron can
burn your skin.
2. Silicon solar cells have electrodes on both sides. The electrode on the light
sensitive, upper surface is a thin strip of metal along one edge of the cell.
Place the cell with the top side upon your work surface (a piece of scrap wood
is best) and use a piece of masking tape to hold it in place while you solder.

3. When the soldering iron is hot, gently touch the edge of the tip to one end of
the upper electrode.
4. After a second or two, touch the end of a length of solder to where the
soldering iron touches the electrode. Allowing some solder to melt onto the
electrode and remove the iron.
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5. Remove 0.2 inch (5 mm) of the insulation from the end of some wrapping
wire. Place the exposed end of the wire along the top of the solder that you
melted onto the electrode and then gently press the soldering iron against
the wire and re-melt the solder. When the wire pushes into the molten
solder, hold the wire very still and remove the soldering iron.
6. After the solar cell cools, gently remove the tape, flip the cell over and tape
it in place again. Follow steps 3-5 above to solder the length of wrapping
wire to the back electrode. After the wire sinks into the molten solder, be
sure to keep the wire very still while the solder cools.

After this the cells are then ready to be mounted. There are several
advantages to mounting the solar cells. One is that the cells are very brittle
and easily broken. Mounting them reduces the risk of breakage. Wire leads
soldered to a solar cell are easily pulled away, however mounting them will
protect the leads. Another reason is that an enclosure of panel can be mounted
on the circuit it is designed to power. Also, an enclosure or panel protects the
solar cell(s) from moisture and dust .
You must first sandwich the solar cell between a foam plastic cushion
and the lid of a clear plastic box. You can also use the lid and a plastic or
cardboard liner inserted in the lid and cemented in place. A series or parallel
arrays of cells can be installed in larger plastic boxes. Solder the cells to one
another with short lengths of wrapping wire. Be sure the connections of the
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cells do not block any of the cells.

17

SOLAR PANELS

Figure 9: Solarex Solar Panel
The output of a solar panel is measured in watts.

The wattage is

determined by multiplying the rated voltage by the rated current. The formula
for wattage is the voltage times the current equals to the power, or VOLTS x
AMPS= WATTS. For example, in this experiment we used solar panels that
were 12 volt 60 watt measuring about 19. 75 X 43.5 X 1.50 inches has a rated
voltage of 17 .1 and a rated 3.5 amperage.
VxA=W
17.1 volts times 3.5 amps equals 60 watts

You can calculate the average watt hours of power per day by multiplying the
average hours of peak sun per day that is available in an area by the amount of
power that the solar panel(s) produce. These panels are capable of supplying a
peak power of 16.8 volts. These panels are also capable of generating a current

11

Forrest M. Mims III ,
America, 2000) 105-111.

Electronic Sensor Circuits & Projects (United States of
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of 3.56 amps. When calculating the average watt hours of power per day we use
the peak sun hours. The term "peak sun hours" is used because the intensity of
sunlight contacting the solar panel varies throughout the day. This method is
used to smooth out the variations into a daily average. Early morning and latein-the-day sunlight produces less power than the mid-day sun. Cloudy days
will produce less power than bright sunny days as well. When planning a solar
power system your geographical area is rated in average peak sun hours per
day based on yearly sun data. 18
The solar panels can be wired in a number of ways to provide different
amounts of currents and voltages. Wiring the solar panels in series is achieved
by connecting the positive terminal of one panel to the negative terminal of

another. The resulting outer positive and negative terminals will produce a
voltage that is the sum of the two panels. However, the current that the panels
will produce will remain the same as one panel. For example, if two 15 volt/4
amp panels are wired in series they will produce 30 volts at 4 amps. When the
solar panels are wired in parallel the positive terminals are connected to
positive terminals and negative terminals are connected to negative terminals.
When this happens the voltage will remain the same. However, the current
produced by the panels will become the sum of the number of panels. So two
15-volt/4-amp panels wired in parallel will produce 15 volts at 8 amps. In
order to increase both the voltage and the current it is necessary to wire the
18

"The Basics of Solar Power Systems." 6 pp . 11 F eb. 2002 .
<http ://www.solar4power.com/solar-power-basics .btml>.
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panels in series and in parallel. Sets of solar panels can be connected together
in the same way to increase the size of solar energy produced.
In a solar power system the solar panels are connected to the system in
one of two ways. Either the solar panels can be connected to the solar system
through a battery or they can be connected directly to DC to AC inverter. If the
panels are connected directly to the inverter, you must constantly supply a
sufficient amount of solar energy to the panels in order for the electric device to
operate. Connecting the panels to the battery allows for several advantages.
There will always be a backup source of energy for the system and the system
will also operate off of the active solar panels.

CHARGE CONTROLLER OR VOLTAGE REGULATOR

Figure 10: ProStar Charge Controller
If a battery is used in a standard photovoltaic power system it is very

important to protect the battery. In order to do this you must include a charge
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controller (also known as a voltage regulator) in the photovoltaic power system.
The charge controller should be connected between the solar panels and the
battery of your choosing. The charge controller will monitor the battery's stateof-charge to insure that the battery is properly charged. It will regulate the
current going to the battery. If the battery is low on voltage it will make sure
that the current going to the battery will increase. If the voltage in the battery
is full it will ensure that the battery will not get over-charged. Connecting a
solar panel to a battery without a voltage regulator seriously risks damaging
the battery.

It also will cause a safety hazard for those working with the

photovoltaic system.
All charge controllers are rated based on the amount of amperage they
can process from a solar array. For example, If a controller is rated at 30 amps
it means that you can connect up to 30 amps of solar panel output current to
this one controller. Many of the advanced charge controllers utilize a charging
principal referred to as Pulse-Width-Modulation (PWM).

Pulse-Width-

Modulation insures the most efficient battery charging and also extends the
life of the battery. Even more advanced controllers also include Maximum
Power Point Tracking (MPPT) which maximizes the amount of current going
into the battery from the solar array by lowering the panel's output voltage,
which in turn increases the charging amps to the battery. This is very useful
for cases that cause an imbalance in the voltage and the current. For example,
if a panel can produce 50 watts wit h 25 volts and 2 amps, then ii the voltage is

.
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lowered to 20 volts then the amperage increases to 2.5 (20v X 2.5 amps = 50
watts) resulting in a 20% increase in charging amps. 19
Many charge controllers offer a Low Voltage Disconnect (LVD) and
Battery Temperature Compensation (BTC) as an optional feature. The Low
Voltage Disconnect feature permits connecting loads to the LVD terminals
which are then voltage sensitive. If the battery voltage drops too far the loads
are disconnected. This prevents the damage to both the battery and the loads.
Battery Temperature Compensation adjusts the charge rate based on the
temperature of the battery since batteries are sensitive to temperature
variations above and below about 75 F degrees.
In this particular experiment we were able to use a ProStar Photovoltaic
System Controller: ProStar-30.

This charge controller is made by the

MomingStar Corporation in Olney, Maryland. This particular controller can
support a load of 30 amps, a solar panel that supplies 30 amps, and can
regulate the charging of a 12 volt or 24 volt battery. 20 The controller will allow
the solar panels to charge the battery until the battery reaches its maximum
capacity. It will also start the charging process when the voltage level on the
battery gets low. The solar system in this experiment uses a 12 volt marine
deep cycle battery. This battery will charge until the voltage levels reaches

19

"The Basics of Solar Power Systems." 6 pp. 11 Feb. 2002.
<http://www.solar4power.com/solar-power-basics.html>.
20

Prostar Photovoltaic System Controllers Instruction Manuel. 19 pp. Apr. 1996.
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APPENDIX-A
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SOLAREX SX-Power
The MSX series has been discontinued except for the MSX120.
The Solarex SX series provides photovoltaic power for general use.

They are suitable for single or multiple-module systems.
36 nmxcrystalline cells in series charge batteries efficiently in virtually any climate.
Their materials, design and construction reflect Solarex's quarter-century of
experience.
OUR MOST READILY AVAILABLE SOLAREX MODELS
(except MSX120's experiencing back order due to demand for large panels)

ELECTRICAL CHARACTERISTICS
MODEL

Rated
Peak
Power

Volts@
Peak
Power

MSX-120
SX-85

120

34.20/17.l

3.5/7.0

85

17.1

4.97

Short
Circuit
Current

Open
Circuit
Voltage

Voltage
Options

Warranty
(Years)

114

3.80/7.60

42.60/21.3

25

80

5.3

21.3

24/12
6 / 12

20
20

Current@ Guarantee
Peak
d Min.
Power
Peak
Power

SX-80

80

16.8

4.75

75

5.17

21

6 / 12

SX-75

75

16.5

4.54

70

4.97

20.7

6 / 12

20

SX-65

- 65

17.2

3.77

60

4 .06

21.5

12

20

SX-60

60

16.8

3.56

56

3.87

21

12

20

SX-50

50

16.8

2.97

45

3.23

21

12

20

SX-30

30

16.8

1.78

27

1.94

21

12

10

SX-20

20

16.8

1.19

18

1.29

21

12

10

_ _16.8

0.59

9

0.65

21

12

10

16.5

0 .27

4

0.3

20.5

12

10

SX-10
SX-6

-10
--

4.5

-

2 frame-types readily available

DIMENSIONS
Frames; M=multi-mount; U-universal mount
MODEL
Weight kg (lbs)
MS X1 20

SX-85U

w

L
43.8"
1456(57.31)

'

39"
502 (19.750)

D
2"
50.0 (2.0)

14 (30.8)
9.50 (20.90)

59
SX-80U
SX-75U
SX-65U
SX-60U
SX-SOM
SX-30M
SX-20M
SX-lOM
SX-SM

1456 (57.31)
1456(57.31)
1105 (43.50)
ll05 (43.50)
933 (36.73)
588 (23.13)
416 (16.38)
416 (16.38)
245 (9.66)

502 (19.750)
502 (19.750)
502 (19.75)
502 (19.75}
501 (19.72)
501 (19.72)
501 (19.72)
269 (10.59)
269 (10.59)

50.0 (2.0)
50.0 (2.0)
38.1(1.50)
38.1(1.50)
22.60 (0.89)
22.60 (0.89)
22.60 (0.89)
22.60 (0.89)
22.60 (0.89}

9.50 (20.90)
9.50 (20.90)
7.20 (15.90)
7.20 ( 15.90)
5.70 ( 12.50)
8.5lbs
6.51bs
1.50 (3.30)
1.70 (0.80)

*This information was taken from http://www.solar4power.com/solar-powersolarex.html*
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APPENDIX-B
SOLAR ISOLATION IN THE UNITED STATES OF AMERICA
This chart shows solar insolation in kilowatt-hours per square meter per day in many
US locations. We call this figure "Sun Hours/ Day".
State

City

AK
AK

Fairbanks
Matanuska
Montgomery
Bethel
Little Rock
Tuscon
Poage
Pheonix
Santa Maria
Riverside
Davis
Fresno
Los Angeles
Soda Springs
La Jolla
Inyokem
Grandby
Grand Lake
Grand Junction
Boulder
Washington
Apalachicola
Belie Is.
Miami
Gainsville
Tampa
Atlanta
Griffin
Honolulu
Ames
Boise
Twin Falls
Chicago
Indianapolis
Manhattan
Dodge City
Lexington
Lake Charles
New Orleans

AL

AR
AR
AZ
AZ
AZ
CA
CA
CA
CA
CA
CA
CA
CA

co
co
co
co
DC

FL
FL
FL
FL
FL
GA
GA
HI

IA
ID
ID

rr..,
IN

KS
KS
KY
LA.
LA.

High
5.87
5.24
4.69
6.29
5.29
7.42
7.30
7.13
6.52
6.35
6.09
6.19
6.14
6.47
5.24
8.70
7.47
5.86
6.34
5.72
4.69
5.98
5.31
6.26
5.81
6.16
5.16
5.41
6.71
4.80
5.83
5.42
4.08
5.02
5.08
4. 14
5.97
5.73
5.71

Low
2.12
1.74
3.37
2.37
3.88
6.01
5.65
5.78
5.42
5.35
3.31
3.42
5.03
4.40
4.29
6.87
5.15
3.56
5.23
4.44
3.37
4.92
4.58
5.05
4.71
5.26
4.09
4.26
5.59
3.73
3.33
3.42
1.47
2.55
3.62
5.28
3.60
4.29
3.63

Avg
3.99
3.55
4.23
3.81
4.69
6.57
6.36
6.58
5.94
5.87
5.10
5.38
5.62
5.60
4.77
7.66
5.69
5.08
5.85
4.87
4.23
5.49
4.99
5.62
5.27
5.67
4.74
4.99
6.02
4.40
4.92
4.70
3.14
4.21
4.57
5.79
4.94
4.93
4.92

.

State

City

MO
MO
MS

Columbia
St Louis
Meridian
Glasgow
Great Falls
Summit
Albuquerque
Lincoln
N. Omaha
Cape Hatteras
Greensboro
Bismark
Sea Brook
Las Vegas
Ely
Binghamton

MT
MT
MT

NM
NB
NB
NC
NC

ND

NJ
NV
NV
NY
NY
NY
NY
NY
OH
OH

OK
OK
OR
OR
OR

PA
PA
RI
SC
SD
TN
TN
TX
TX

TX
TX
TX

High
5.50
4.87
4.86
5.97
5.70
5.17
7.16
5.40
5.28
5.81
5.05
5.48
4.76
7.13
6.48
3.93
4.57
Ithaca
3.92
Schenectady
Rochester
4.22
New York City 4.97
5.26
Columbus
Cleveland
4.79
5.52
Stillwater
Oklahoma City 6.26
4.76
Astoria
5.71
Corvallis
Medford
5.84
Pittsburg
4.19
4.44
State College
Newport
4.69
5.72
Charleston
Rapid City
5.91
Nashville
5.20
Oak Ridge
5.06
San Antonio
5.88
Brownsville
5.49
7.42
EIPaso
Midland
6.33
Fort Worth
6.00

Low
3.97
3.24
3.64
4.09
3.66
2.36
6.21
4.38
4.26
4.69
4.00
3.97
3.20
5.84
5.49
1.62
2.29
2.53
1.58
3.03
2.66
2.69
4.22
4.98
l.99
1.90
2.02
1.45
2.79
3.58
4.23
4.56
3.14
3.22
4.65
4.42
5.87
5.23
4.80

Avg
4.73
4.38
4.43
5.15
4.93
3.99
6.77
4.79
4.90
5.31
4.71
5.01
4.21
6.41
5.98
3.16
3.79
3.55
3.31
4.08
4.15
3.94
4.99
5.59
3.72
4.03
4 .51
3.28
3.91
4.23
5.06
5.23
4.45
4.37
5.30
4 .92
6.72
5.83
5.43
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IProStar Mid-Ran1:e Phoro~oltaic

C9ntrollers
USING ADVANCED TECHNOLOGY FOR IDGH RELIABILITY,
LOW COST PWM BATTERY CHARGING
SUPERIOR SERIES SWITCIDNG
Designed by experienced PV system engineers, ProStar's series design provides many advantages compared to
shunt controllers. Series regulations reduces FEf beating and lowers voltage stress on the power FETs. A
series configuration also improves protection against lightning surges and reduces switching noise. The series
design improves charging accuracy. In PWM, series switching becomes self-correcting for temperature and
system voltage drops.

FEATURES
• Automatic vo/Jage select Provides flexibility for either 12V or 24V systems, Processor
automatically configures for correct system voltage.

• Prevents reverse current. Series switching prevents battery from discharging ot night through the
array.
• Temperature compensation. Corrected setpoints referenced to ambient temperature
• Field selectable. Electronic selection of either a sealed or flooded battery. Two sets of optimized
controls parameters are built into the processor

• PWM battery charging. Series PWM design will reduce heating and system voltage drops. Precise
finishing charge under all system conditions

• Rev~rse polarity protected. Full electronic protection against any sequence of reversed wire
connection

• Battery sense. Eliminates voltage drops for more accurate control. Automatic defaul t to battery
connections if sense is not connected.
• Low vo/Jage discon nect. Low resistance FEf's wiU handle load starting currents up to 10 times

•
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rating. Electronic short-circuit protections. LVD is current compensated with no parasitic loss.
• Mannual disconnect. (Option) Button will instantly disconnect all PV and load connections. Same
button serves as a mannual disconnect
• &tttery charge LED's. Three LED's indicate relativebattery state-of-charge. All LED's are pulsed to
minimize parasitic loads
LCD meter. (Option) Three-digit display with reflective foil for easy readability. Wide temperature range
from -30 to +85 deg C. Values displayed are accurate by l - 2%.

ProStar Mid-Ranae Ph.j)filOltaic Controllers
ProStar-12

ProStar-20

ProStar-30

PV current (Amps)

12

20

30

Load current (Amps)

8

16

30

Accuracy
12V

+-40mV

24V

+-60mV

Maximum array voltage

50V

Min voltage to operate

8V

Ground

negative

Parallel capability

yes

Self-consumption

llmA

Charging

12mA

LVD

lOmA

Voltage drops

I

l - --

Night

PV/Batt Max
Batt/Load Max

I

0.7V
0.4V

PV/Batt Typ

I

0.5V

Batt/Load Typ

I

0.lV

Operating life

I

15 years

Dimensions (W x H x D)

j

Weight

6.01 x 4.14 x 2.17 (in)
153 X 105 X 55

-

or

12 oz or 0.34 kg

----

Wire terminals
1-- -

I

Euro style

Max wire size

----

s olid

#6 AWG / 16mm2

multistrand

#6 AWG I 10mm2

1-- - - · - - -

- - - -- + - - - - - - - - - - ------t

1--[-_-::::-!i~estrand

#8 A WG / 10mm2

Termin a l diameter

0.2" I 5mm

* This information was taken from http:/ /www.solar4power.com/solar-power-prostarsunsaver .html*
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